On the molecular level, essential fatty acid deficiency (EFAD) has been associated with induced fatty acid (FA) desaturase expression and activity in several tissues. However, there seem to be exceptions. In the present study, we examine the effects of EFAD in the male rat genital tract, combining FA analysis, gene expression studies, and morphological evaluation of epididymal spermatozoa. When feeding 21-day-old Wistar rats, a fat-free diet for 6 weeks, an increase in 18:1n-9 and 20:3n-9 and a concomitant decrease in the 18:2n-6 and 20:4n-6 species are seen in testis, as well as in liver. However, with regard to desaturase expression the rat testis seems to be unresponsive to EFAD conditions, in contrast to other organs studied. In the sexually mature testis none of the desaturases (SCD1, SCD2, D5D, or D6D) are induced in response to lowered contents of polyunsaturated FAs. This also applies to caput epididymis, while EFAD sensitivity is regained in cauda epididymis, where the desaturases are upregulated. The FA profile of epididymal spermatozoa is increasingly affected by EFAD during the transport from testis to cauda epididymis. Furthermore, a significant increase in the number of abnormal spermatozoa is observed in cauda epididymis.
Introduction
The testis is an extraordinary organ regarding the fatty acid (FA) metabolism. Although rich in polyunsaturated fatty acids (PUFAs), the testis is continuously drained of these FAs as the spermatozoa are transported to the epididymis. Testicular cells convert dietary essential fatty acids (EFAs), linoleic acid, 18:2n-6, and linolenic acid, 18:3n-3, to the important FAs 20:4n-6, 22:5n-6, and 22:6n-3 by alternating steps of elongation and desaturation . These modifications include both D 5 -desaturation and D
6
-desaturation. Germ cells are known to be especially rich in PUFAs, more than the Sertoli cells (Beckman et al. 1978) , while the Sertoli cells are more active in converting EFAs to 22:5n-6 and 22:6n-3 than germ cells are . This correlates well with the high expression of D 5 -and D 6 -desaturases in rat Sertoli cells, and low expression in germ cells (Saether et al. 2003) .
Although the need for linoleic and linolenic acid varies with species, gender, age, and (patho-) physiological conditions, a severe lack of these FAs will eventually lead to essential fatty acid deficiency (EFAD). The pathological severity of EFAD has been shown to be determined by both onset and duration of the EFA-deficient regime. Independent of the species studied, similar physiological changes have been found in animals fed fat-free or EFA-deprived diets, and impaired reproduction in both sexes have been observed (Holman 1968) . Nutritional studies have shown that rats fed diets deficient in EFAs develop testicular atrophy, which cannot be prevented by the inclusion of linolenic acid (Leat et al. 1983) . Moreover, male rats were infertile when raised on a linoleic acid-deficient diet (Leat et al. 1983) . Separation of Sertoli cells and germ cells from rats fed a fat-free diet for 9-14 days showed that the lipid profile of both cell types was shifted towards a typical EFA deficiency pattern (Marzouki & Coniglio 1982) .
When the cell is low in EFAs, increasing amounts of PUFAs in the n-9 series are synthesized. The D 9 -desaturase (stearoyl-CoA desaturase 1 and 2; SCD1 and SCD2) introduces a double bond in position 9 in the non-essential stearic acid, 18:0, or palmitic acid, 16:0, to form oleic acid, 18:1n-9, or palmitoleic acid, 16:1n-9, respectively. Oleic acid can undergo desaturation and elongation in the same way as linoleic and linolenic acid, resulting in e.g., 20:3n-9, Mead acid. An increased 20:3n-9/20:4n-6 ratio has therefore since long been used as a good indication of EFAD (Holman 1960) . We have earlier shown that SCD2 is the predominant D 9 -desaturase in the testis and that the Sertoli cells are the main site of its expression (Saether et al. 2003) . Furthermore, both SCD1 and SCD2, as well as D 5 -and D 6 -desaturase, are highly expressed in epididymis from sexually mature rats (Saether et al. 2003) EFAD is known to induce the gene expression and activities of SCD1 (Ntambi 1999) , D 5 -desaturase (Cho et al. 1999b) , and D
-desaturase (Cho et al. 1999a) in liver. This induction results from a relieved PUFAmediated suppression of the transcription of these genes, mainly propagated through sterol regulatory element-binding protein-1c (SREBP-1c; Matsuzaka et al. 2002) . Concerning testis and epididymis, knowledge about the molecular events resulting from EFAD is scarce. We have earlier shown that the desaturase expression in Sertoli cells is hormonally regulated, and all four desaturases are induced by insulin, dexamethasone, and follicle-stimulating hormone (Saether et al. 2003) . However, the dietary regulation of the desaturases in testis and the male reproductive tract has so far not been addressed.
In this study, we examine how EFAD influences rat testis and epididymis by studying the desaturase expression and lipid profiles. Furthermore, the lipid profiles and morphology of the epididymal spermatozoa are evaluated.
Materials and Methods

Animals
Weaning male Wistar rats were obtained from M&B, Ry, Denmark. The rat nurses were kept on standard pellets (B&K Universal Ltd, Grimstone Aldbrough, Hull, UK). All animals were separated from their nurse at the age of 21 days. The age of the animals at the onset of the feeding experiments was 21 or 97 days. Animal experiments were performed in accordance with institutional guidelines and national legislation.
Dietary studies
Male rats from the same litter were split into two groups consisting of 3-6 animals each. The EFAD group was fed fat-free pellets (ICN Biomedicals, Aurora, OH, USA) consisting of 0.4% methionine, 1% cellulose, 2% vitamin mix, 5% salt mix, 20% casein, 20% sucrose, and 52% maize starch , whereas the control group was fed a standard pellet diet from B&K Universal Ltd. The feeding regime lasted for 14 or 42 days with the youngest rats (21-day-old at onset) and for 28 days with the oldest (97-day-old at onset). All animals were given free access to food and water. During the feeding regime the animal weights were recorded weekly. The rats were killed by CO 2 -asphyxiation. Testis and liver were dissected from the rats, weighed, and frozen directly in liquid nitrogen. The tissue was kept at K80 8C for later RNA-and lipid extraction. The animaland tissue weights are shown in Table 1 .
Isolation of epididymal tissue and spermatozoa
Epididymis was dissected from the 63-day-old animals (fed a fat-free diet for 42 days) and submerged in ice-cold 1(!PBS. The epididymis was then further dissected in PBS on ice; fat pads were removed and caput and cauda epididymis separated according to Métayer et al. (2002) . The epididymal tissue was then cut into small pieces, squeezed with a sterile glass rod and vortexed to release the spermatozoa. The epididymal tissue was recovered by gravitational sedimentation and kept at K80 8C for later RNA and lipid extraction. Spermatozoa were pelleted by centrifugation (600 r.c.f., 6 min) and kept at K80 8C for later lipid extraction. Before freezing, aliquots of spermatozoa were resuspended in PBS and smears were made for morphological evaluation.
Sperm morphology
Smears of epididymal spermatozoa (caput and cauda) from rats fed standard and fat-free pellets, respectively, were Papanicolaou stained and evaluated by microscopy using a 100! oil-immersion bright-field objective. Assessment of sperm morphology was performed according to the criteria described by Lock & Soares (1980) . Dorrington et al. (1975) . Sertoli cells were plated on 10 cm Nunc Dishes (Nunc, Copenhagen, Denmark) to a final concentration of 1!10 6 /ml in 12.5 ml Eagles minimum essential medium (MEM, 21090-022; Gibco BRL; non-essential amino acids included). The MEM was supplemented with L-glutamine (2 mM), penicillin (100 IU/ml), streptomycin (0.10 mg/ml), fungizone (2.5 mg/ml), and 10% fetal bovine serum. Cultures were kept at 34 8C in a humidified atmosphere of 5% CO 2 in air. On day 3 after plating, the medium was changed to MEM without fetal bovine serum, and germ cells remnants (!4.0!10 5 /ml) were removed mechanically. Stimulation experiments were started on day 5 after plating. Sertoli cells were treated with 50 mM arachidonic acid, 20:4n-6, dissolved in EFA-free bovine serum albumin (BSA) solution (final concentration of BSA, 0.072% w/v). The concentrations and duration of the different stimulations can be found in the legend to 
RNA extraction and Northern analysis
Total RNA was isolated by homogenization of tissue or cells in guanidine isothiocyanate, followed by centrifugation through a CsCl cushion and phenol-chloroform extraction (Chirgwin et al. 1979) . RNA denatured in 50% formamide and 6% formaldehyde was size-fractionated through a 1.5% agarose gel containing 6.7% formaldehyde with circulating sodium phosphate running buffer (20 mM; Maniatis et al. 1982) . The RNA was transferred to a Magna nylon transfer membrane (MSI, Westborough, MA, USA) by capillary blotting. Ethidium bromide staining of the membrane was used to evaluate the loading, and the 18S rRNA stain for each blot is shown in the figures.
Primers, probes and hybridization
Single-stranded probes were synthesized and labeled with [a-32 P]dCTP (Amersham Biosciences, PB 10205, Buckinghamshire, UK) by linear PCR, using a short synthetic DNA template (Condon 1999) . Primers and templates have been described earlier (Saether et al. 2003) . The probes were hybridized to the filters in 50% formamide, 5!Denhart's, 5!SSC, 0.1% SDS, 0.25 mg/ml non-homological salmon DNA (D-9156, Sigma), and 50 mM sodium phosphate (pH 6.5) at 42 8C. The filters were washed in 2!SSC/0.1% SDS at room temperature for 4!10 min and 0.1!SSC/0.1% SDS at 50 8C for 2!30 min. Autoradiography was carried out at 80 8C with Hyperfilm ECL (Amersham Biosciences). For 
Lipid extraction and analysis of fatty acid composition
Frozen samples were crushed in liquid nitrogen (Pedersen & Grav 1972) and weighed aliquots (0.1-0.3 g) of powdered tissue were lipid extracted in the presence of 30 mg butylated hydroxytoluene according to a modified Folch procedure (Folch et al. 1957 , Christie 2004 ). During extraction, a known amount of triheptadecanoyl glycerol was added to serve as an internal standard. In order to measure the total, esterified fatty acyl group composition, aliquots of the chloroform extract were subjected to transmethylation using methanolic HCl (Hoshi et al. 1973) . Hexane solutions of the resulting FA methyl esters were injected into a Shimadzu GC-14A gas chromatograph (Shimadzu Europe, Duisburg, Germany) fitted with a polar SGE International (Ringwood, Vic., Australia) BPX70 column (60 m! 0.25 mm I.D., film thickness 0.25 mm). Helium was used as carrier gas as well as make-up gas for flame ionization detection at 280 8C. Injections were made in splitless mode (closed split 40 s; injector temperature 240 8C). The column oven was initially held at 60 8C for 3 min, then programmed at 40 8C/min to 120 8C, held there for 3 min, then allowed to rise to 250 8C at a rate of 4 8C/min, and finally held at that temperature for 15 min. Post-chromatographic integration was performed using the Shimadzu CLASS-VP software system, and provisional assignment of peak identities was made by running known standards. Confirmation of peak identities was made by injecting parallel samples on a Thermo Electron Corp. Trace GC2000 gas chromatograph connected to a Finnigan Voyager GC/MS (Winsford, Cheshire, Great Britain). The chromatographic column and running conditions were the same as for gas chromatography (above). The mass spectrometer was operated in the electron impact mode with an ion source temperature of 250 8C. Mass spectra were generated from total mass chromatograms using the Xcalibur (revision 1.2) software system, and interpretation was aided by use of the NIST/EPA/NIH spectrum library and the HighChem Mass Frontier (version 2.0) software (Thermo Electron Corp.).
Statistics
For the presentation of the lipid extraction results, sperm morphology, animal weights, tissue weights, and mRNA expression data, mean values and S.D. of the different data sets were calculated. Comparisons were made with Student's t-test (two-tailed). The level of significance was defined as P!0.05.
Results
Essential fatty acid deficiency does not induce desaturases in the testis
When feeding the 21-day-old rats a fat-free diet for 42 days, the lipid composition changed in both liver and testis, as shown in Table 2 . Although the normal FA profile differs somewhat between these organs, as reviewed by Coniglio (1994) , the changes followed a similar pattern. There was a drop in the content of arachidonic acid, 20:4n-6, and linoleic acid, 18:2n-6, in both liver and testis. At the same time, a compensatory effect was seen in the 16:1 and 18:1 groups in both organs. Mead acid, 20:3n-9, the hallmark of EFAD, appeared in both tissues when feeding the animals a fatfree diet (liver, 5.0%; testis, 1.8%), yielding a 20:3/20:4 (Table 2) . 7,10,13-docosatrienoic acid, 22:3n-9, the elongation product of Mead acid appeared in liver and increased to almost 1% in testis after feeding the rats a fat-free diet (Table 2) . We have previously shown that [1-14 C] radiolabeled 20:3n-9 is elongated to 22:3n-9 to a considerable extent in Sertoli cells from 19-day-old rats (Retterstol et al. 1998) . Acknowledging the fact that testis seems to be more active in elongating the n-9 FAs than the liver, we also included 22:3n-9 when relating n-9 FAs to 20:4. Accordingly, the ratio (20:3C22:3)/20:4 was significantly higher than 20:3/20:4 in testis, but not in liver ( Table 2) .
As reported earlier (reviewed by Nakamura & Nara 2004) , all the desaturases in the liver were upregulated in response to EFAD conditions (Fig. 2) . This was also observed in rat kidney (data not shown). Surprisingly, none of the desaturases was induced in testis (Fig. 2) . Therefore, and to further substantiate the absence of dietary desaturase regulation in the testis, we stimulated Sertoli cells isolated from standard fed rats, with BSAbound arachidonate (20:4n-6; Fig. 1) . A decrease in desaturase mRNA levels has been observed when stimulating liver cells with dietary PUFAs, e.g., 20:4n-6 (Ntambi et al. 1996 , Nara et al. 2002 , Tang et al. 2003 . However, as seen in Fig. 1 , no change in the expression of the four desaturases was observed in Sertoli cells.
Finally, to investigate if the testicular unresponsiveness with regard to EFAD-regulated desaturase expression was a general feature, independent of sexual maturation and age, we repeated this experiment in younger and older animals. Both sexually immature rats (35-day-old fed a fat-free diet for 14 days; data not shown) and mature rats (125-day-old fed a fat-free diet for 28 days) showed an absence of desaturase induction, despite a typical EFA-deficient lipid profile ( Fig. 3; Table 3 ).
Epididymis responds to EFA deficiency through induction of the fatty acid desaturases
The effect of EFAD on the FA composition of caput and cauda epididymis is shown in Table 4 . The normal epididymis and testis lipid profiles differed quite substantially (Tables 2 and 4 ). In short, 18:1 constituted almost double the amount of what was seen in testis, the linoleic acid values were more than three times as high, while the 20:4 and 22:5n-6 were several fold lower than in the whole testis tissue. Mead acid was also found in epididymis, even under EFA-sufficient conditions. When comparing the lipid profile of the epididymal subsets from fat-starved animals with the values from the normal fed animals, a change similar to that observed in testis and liver was seen. Over all, a lowering of the n-3 and n-6 species occurred, concomitantly with an increase in abundance of the n-9 species (Table 4) . As a consequence, the 20:3n-9 percentage increased in both subsets (caput: 3.6%, cauda: 3.0%), elevating the triene to tetraene ratio to 0.52 and 0.44 in caput and cauda epididymis, respectively. When turning to the analysis of the gene expression, there seems to be a difference in responsiveness to EFA-deficient conditions between testis and epididymis in that all four desaturases were upregulated in cauda epididymis of the fat-free fed animals (Figs 2 and 4) .
EFA deficiency induces lipid profile and morphological changes in the epididymal spermatozoa
In rat testis, the developmental process from spermatogonia to spermatozoa takes approximately 52 days. Since the spermatogenesis is a continuous process, any change in sperm morphology or lipid profile resulting from the 42 day-long feeding regime, could reflect a perturbed differentiation and maturation in both testis and epididymis. As can be seen in Table 5 , the caput spermatozoa lipid profile was almost unaffected by the EFA-deficient conditions. Even though a slight decrease in the n-3 and n-6 species and a concomitant increase in the n-9 species could be observed, none of these changes were statistically significant. The caudal spermatozoa on the other hand had a somewhat increased Mead acid content (from 1.4 to 2.7%), resulting in a significantly elevated triene to tetraene ratio. At the same time, a significant decrease in 18:2n-6 was observed (Table 5) .
Interestingly, the assessment of sperm morphology revealed changes in the number of normal spermatozoa (Table 6 ). In both caput and cauda epididymis, the percentage of abnormal sperm was increased by the fatfree diet, especially spermatozoa with head ( Fig. 5A-C) and neck/curvature errors ( Fig. 5D-G) . The overall increase in proportion of abnormal spermatozoa, however, was only significant in cauda epididymis (Table 6 ).
Discussion
The differences seen between testis and liver in response to EFAD in this study are striking. In liver, the desaturases are induced in response to lowered EFA input; however, in testis the desaturase expression remains unchanged (Fig. 2) . This is also reflected by the lack of response in Sertoli cells to arachidonate (Fig. 1) , which has been shown by others to downregulate desaturase mRNA levels in liver cells (Ntambi et al. 1996 , Nara et al. 2002 , Tang et al. 2003 . Thus, the difference between liver and testis persists, also at the cellular level. Furthermore, the unresponsiveness in testis seems to be unaffected by both age and sexual maturation, since EFAD-induced desaturase regulation is absent also in testis from sexually immature (35-day-old) and mature (125-day-old) animals fed fat-free diets (data not shown and Fig. 3 ).
The differences observed between liver and testis may be viewed in light of the PUFA metabolism feedback system. The desaturases have been reported to be induced by the transcription factor SREBP-1c (Matsuzaka et al. 2002) . Concomitantly, long-chain PUFAs have been shown to inhibit the activity of SREBP-1c, in part by inhibiting the proteolytic maturation of SREBP-1c by SREBP cleavage-activating protein (SCAP; Thewke et al. 1998 , Worgall et al. 1998 . In addition, recent data indicate that PPARa also directly activates the desaturase gene expression (Tang et al. 2003) and plays a crucial -desaturase mRNAs in liver and testis in 125-day-old rats in response to 28 days of fat-free diet. (A) Each lane contains 10 mg total RNA. Lanes 1 and 7, 2 and 8 etc., represent different tissues from the same animal (nZ3 for both groups). The ethidium bromide-stained 18S rRNA signal is shown below the blots. (B) The normalized mRNA levels (meanGS.E.M.) are plotted relative to the mean of their respective standard-fed controls. nZ3 for both groups, *P!0.05. role in the feedback regulation of PUFA synthesis (Li et al. 2005) . As evaluated by large-scale microarray analysis of the mouse transcriptome (Novartis Research Foundation's GNF SymAtlas, Su et al. 2002) , all three genes (SREBP1-c, SCAP, and PPARa) are highly expressed in the rodent liver, while the expression level in testis is less than 1/4 of this. The same relative expression in these tissues has earlier been reported in rodent and human tissue for SREBP-1c (Shimomura et al. 1997) and PPARa (Escher et al. 2001) . Low testicular expression of the transcription factors constituting the PUFA-desaturase feedback mechanism may contribute to the reduced desaturases response observed in testis during EFAD, as compared with liver.
The lack of induction of the desaturases in testis during EFA deficiency may have important biological implications. The lipid content and distribution of the mammalian germ cell change in an ordered fashion from the first spermatogonial cell division, through spermatogenesis and epididymal maturation, to capacitation and fusion with the oocyte in the female genital tract as reviewed by Jones (1998) and Flesch & Gadella (2000) . During these changes, two important, yet contradictory, requirements of the germ cell are to be met; preservation of the genome integrity and acquisition of fusibility. In the progression of germ cell differentiation from spermatogonium to condensing spermatid in mice, the relative amount of 22:5n-6 increases from 2 to 20% (Grogan et al. 1981) . Together, with other lipid-associated processes, this ensures the right composition of FA in the spermatozoa. During EFAdeficient conditions in non-testicular cells, e.g., liver cells, the desaturase activity increases in response to lowered n-6 and n-3 FAs. This shifts the balance towards longer n-9 FAs. Whether the lack of such a response in testis, as reported here, is beneficial or not for the spermatogenic cells, is still an open question.
Despite their close proximity, the PUFA metabolism in testis and epididymis seems to be differently regulated, emphasizing their diverse functions. Several lines of evidence obtained in this study support this notion:
(1) the 'household level' of Mead acid increases from testis, through caput, to cauda epididymis; (2) the relative increase in Mead acid content as a result of EFA-deficient conditions, however, is inverse ([2-, 2.0-, and 1.4-fold; Tables 2 and 4); (3) the ability to induce the desaturases changes from the unresponsiveness seen in testis and caput epididymis, to the clear upregulation of the desaturases in cauda epididymis; (4) the spermatozoa residing in the different tubular compartments at any given time, seems to be more affected, both metabolically and morphologically, by alterations in the local FA profile, as they move away from the testis. The normal occurrence of long-chain n-9 polyenes in the epididymis has been described earlier (Aveldano et al. 1992) . Even though we do not detect the same amount of 22:3n-9 as reported in Aveldano's work, most likely due to differences in animal age and methodology of FA detection, the 20:3n-9 levels are comparable. Furthermore, the very high expression of SCD1 and SCD2 in epididymis compared with testis (Saether et al. 2003) , and the regained EFAD sensitivity in cauda epididymis, underscores the difference between these two connected organs.
During sperm maturation in the epididymis, the anterior head membrane undergoes a well-defined series of chemical changes. These include an enrichment of highly unsaturated phospholipids, which leads to a decrease in general membrane stability (Nolan & Hammerstedt 1997) . Studies on ram sperm membranes indicate an increase in the total content of 22:6n-3 from 14 to 25% (Nolan & Hammerstedt 1997) . This increase is correlated with a selective loss of sperm phospholipids throughout the epididymis, resulting in an elevated proportion of choline plasmalogen-bound 22:6n-3. The EFA deficiency induced in our study seems to affect the maturation of the spermatozoa in the epididymis. However, it cannot be excluded that morphological changes also occur during spermiogenesis. Alterations during maturation in epididymis may be caused by the Assessment of sperm morphology was done according to the criteria described by Lock & Soares (1980) . Examples of abnormalities are shown in Fig. 5 . Figure 5 Morphological evaluation of Papanicolaou-stained epididymal spermatozoa from 63-day-old rats fed standard and fat-free pellets for 42 days. Examples of sperm abnormalities found in this study: (A-C) head, (D and E) neck, and (F and G) curvature abnormalities, (H) pinheads and (I) tailless heads. (J-L) For comparison three normal spermatozoa are included. All cells were inspected through a Zeiss Axioplan2 Imaging microscope, equipped with 100! oil-immersion bright-field objective. Pictures were captured with a cooled Axiocam camera imaging system. Scale bar: 10 mm.
Essential fatty acid deficiency in testis distortion of FA distribution in the spermatozoa, as well as in the epididymal tissue. On the other hand, a low fat diet has been shown to decrease serum levels of androgens in human (Wang et al. 2005) . Lowered serum testosterone levels should not influence the testicular desaturase expression according to our previous study showing that the desaturase expression in Sertoli cells is not regulated by testosterone (Saether et al. 2003) , although, others have found that testosterone treatment of Sertoli cell cultures results in decreased D 5 -and D 6 -desaturase activities (Hurtado de Catalfo & de Gomez Dumm 2005) . Testosterone is converted to the more biologically active androgen dihydrotestosterone, which is essential for the maturation of spermatozoa (Orgebin-Christ et al. 1976 , Henderson & Robaire 2005 . Thus, it cannot be excluded that the increased sperm abnormalities observed in our study, is an androgen-dependent effect induced by the diet. Whether these changes affect the sperm function remains to be answered.
